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Exposure of humans to xenobiotic chemicals
can be estimated via environmental and bio-
logic monitoring. Environmental monitoring
usually assesses the external exposure to pollu-
tants in air, water, regular foodstuffs, and so
forth. This approach, however, does not take
into account personal differences (e.g., age,
sex, height, weight, physiologic and nutritional
status, duration of exposure, and the like), the
possibility of exceptional dietary intake and
dermal exposure, or interindividual differences
in absorption, distribution, biotransformation,
and excretion. Assessment of the absorbed
dose of a xenobiotic compound (internal dose)
through biomonitoring takes into account
most of these parameters. Hence, biomarkers
of exposure are likely to be more directly asso-
ciated with possible adverse health effects (1).
Polychlorinated aromatic hydrocarbons
(PCAHs) such as polychlorinated biphenyls
(PCBs), polychlorinated dibenzo-p-dioxins
(PCDDs), and polychlorinated dibenzofu-
rans (PCDFs) are contaminants of the food
chain (2), are present in tobacco smoke (3,4)
and air (5,6), and accumulate in fat tissue
(1,2). Lower chlorinated PCB congeners (e.g.,
PCB 28, 52, and 101) are less cumulative
(shorter half-life in the body) than are higher
chlorinated congeners (e.g., PCB 138, 153,
and 180). Consequently, the blood serum
concentration of lower chlorinated PCBs
probably reflects recent exposure to these
compounds rather than body burden (1).
Determinants of serum PCAHs are well
documented in newborns and young chil-
dren (7,8). In the present study, however, we
focused on 16- to 18-year-old teenagers, for
whom no data are available in the literature,
and aimed to assess the contribution of host
factors (e.g., sex, body fat, blood fat) and
environmental factors (e.g., lifestyle, pre-
and postnatal exposure, dietary pattern, and
geographical location) to the concentrations
of PCAHs in serum.
Materials and Methods
Study group. The protocol of the study has
been published in detail elsewhere (9).
Briefly, we recruited the study population
from adolescents in the last two years of high
school and who resided in Belgium either in
a suburb of Antwerp (Hoboken or Wilrijk)
or, as controls, in the small town of Peer and
its countryside surroundings. This rural con-
trol area is 15–25 km away from the nearest
nonferrous and chemical plants and is not
near motorways. Environmental monitoring
showed that Peer was less polluted than the
suburbs of Hoboken and Wilrijk, which are
located 11–13 km southeast of the chemical
and petrochemical industry established in
the seaport of Antwerp. These locations are
also the seat of a large nonferrous metal
smelter (Hoboken) (10), two municipal
waste incinerators (Wilrijk), a crematory
(Wilrijk), and several small or medium-size
enterprises manufacturing electronic equip-
ment, plastics, and nonferrous products (9).
The two waste incinerators in Wilrijk started
their activities in 1970 and 1980, respec-
tively. They had annual turnovers of 23,000
and 110,000 metric tons. They were shut
down in November 1997 because in 1996
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This study investigated host factors and environmental factors as potential determinants of poly-
chlorinated aromatic hydrocarbons (PCAHs) in serum of adolescents. We recruited 200 partici-
pants (80 boys and 120 girls), with a mean age of 17.4 years (SD, 0.8), in Belgium from a rural
control area (Peer) and from two polluted suburbs of Antwerp where a nonferrous smelter
(Hoboken) and waste incinerators (Wilrijk) are located. We quantiﬁed polychlorinated biphenyls
(PCBs; congeners 138, 153, and 180) in serum by gas chromatography and obtained the toxic
equivalents (TEQs) of PCAHs in serum with the chemically activated luciferase gene expression
bioassay (CALUX). Serum PCB concentration was higher in boys than in girls (1.67 vs. 1.02
nmol/L or 377 vs. 210 pmol/g serum lipids; p < 0.001). In the whole adolescent group, multiple
regression showed that serum PCB concentration decreased 0.06 nmol/L per 1% increase in body
fat content (p < 0.001) and increased 0.39 nmol/L and 0.14 nmol/L per 1 mmol/L increase in
serum concentrations of triglycerides (p < 0.001) and cholesterol (p = 0.002), respectively. Host
factors explained 44% of the serum PCB variance. In the same model, serum PCB concentration
increased 0.14 nmol/L with 10 weeks of breast-feeding (p < 0.001) and 0.06 nmol/L with intake
of 10 g animal fat per day (p < 0.001), and was associated with residence in the waste incinerator
area (9% higher; p = 0.04); 11% of the variance could be explained by these environmental fac-
tors. The geometric mean of the serum TEQ value was similar in boys and girls (0.15 TEQ ng/L
or 33.0 pg/g serum lipids). In multiple regression, TEQ in serum decreased 0.03 ng/L per cen-
timeter increase in triceps skinfold (p = 0.006) and was 29% higher in subjects living close to the
nonferrous smelter (p < 0.001). This study showed that in 16- to 18-year-old teenagers host fac-
tors are important determinants of serum concentrations of PCAHs, whereas environmentally
related determinants may to some extent contribute independently to human exposure to these
persistent chemicals in the environment. Key words: adolescents, biomonitoring of exposure, body
fat, breast-feeding, CALUX TEQ bioassay, dietary exposure, dioxinlike compounds, environmen-
tal pollution, PCBs, serum. Environ Health Perspect 110:583–589 (2002). [Online 25 April 2002]
http://ehpnet1.niehs.nih.gov/docs/2002/110p583-589nawrot/abstract.htmland 1997 their dioxin emissions had exceeded
the standard [> 0.1 ng toxic equivalents
(TEQ)/m3] (11). The dioxin levels in topsoil
samples obtained at 15 sites in a radius of
0.5–3.0 km around the incinerators ranged
from 3.9 to 27.2 ng TEQ/kg dry weight (11).
In Hoboken, the deposition of dioxins from
fallout dust greatly (> 27 pg TEQ/m2/day)
exceeded the standard (≤ 6.8 pg TEQ/m2/day)
at the time of the study (12).
In total, 524 adolescents born in
1980–1983 were eligible. Of these, 169 were
not invited because they did not fulfill the
requirement of lifelong residence in the study
area (n = 7) or because the male/female quota
by area had already been satisﬁed (n = 162).
Of the 355 invited youngsters, 207 (58.3%)
volunteered to participate. We did not exam-
ine seven adolescents because they had
recently moved out of the study area (n = 3)
or were not immediately available for study
because of illness (n = 2) or travel (n = 2).
Information on pre- and postnatal variables
was missing for three participants. The ethics
committee of the University of Leuven
approved the study. We obtained written
informed consent from the adolescents and
their parents.
Questionnaire and clinical measure-
ments. Registered nurses administered ques-
tionnaires to gather data on the use of
tobacco and alcohol, intake of medicines,
social class of the parents, dietary habits, and
the consumption of locally produced foods.
The mother provided information on birth
order of the child, the weeks of gestation, and
the duration of breast-feeding. We used a
food frequency questionnaire to record infor-
mation on the intake of meat, fish, eggs,
milk, and cheese during the year preceding
the present study by asking how many times
per day, week, or month they consumed the
above-mentioned food categories. From these
results, we calculated the food frequencies per
month. We computed the amount of fat
intake per day from the recorded food fre-
quencies using mean consumption portions
and a Dutch food composition table (13).
We also recorded anthropometric char-
acteristics (triceps skinfold thickness, waist,
and hip circumference). We calculated body
mass index (BMI) by dividing body weight
(kg) by body height (m2) and body fat con-
tent according to the formula of Deurenberg
et al. (14): percent body fat = 1.20 × BMI +
0.23 × age – 10.8 × sex – 5.4, in which sex is
0 for females and 1 for males. Deurenberg et
al. validated their formula for ages above 16
years against direct densitometric determina-
tion of body fat and BMI, taking age and sex
into account (correlation coefﬁcient = 0.89).
Laboratory analyses. We collected
approximately 50 mL of venous blood in the
morning using polyethylene syringes and
transferred an aliquot of whole blood into
hexane/acetone-cleaned glassware. After clot-
ting the blood, we separated the serum by
centrifugation and kept it frozen at –20°C.
The analyses of the lower chlorinated PCB
congeners (PCBs 28, 52, and 101) and
higher chlorinated congeners (PCBs 138,
153, and 180) in serum were performed at
the Analytical Chemistry Department of the
Medical Institute of Environmental Hygiene
(Düsseldorf, Germany). This laboratory is a
reference laboratory of the German Society
for Occupational and Environmental
Medicine and routinely and successfully par-
ticipates in external quality control studies
on PCBs in blood. The method was worked
out and described by Fastabend (15). Brieﬂy,
we mixed aliquots of 2.5 mL of serum sam-
ple with formic acid and homogenized them,
followed by solvent-extraction (n-heptane)
of PCBs and cleanup of the extracts on silica
gel columns. We used a high-resolution gas
chromatograph equipped with electron cap-
ture detection (HR-GC Mega 2; Fisons,
Mainz, Germany) and two injectors and two
capillary columns of different polarity (DB-5
and DB-1701, both 30 m × 0.32 mm ×
0.25 µm; J & W Scientiﬁc, Köln, Germany)
for the quantiﬁcation of PCBs. We injected
a 1 µL aliquot of each extract at an injector
port temperature of 130°C, which we then
increased to 280°C. The initial temperature
of the columns was 130°C, which we held
for 4 min. We then increased the tempera-
ture to 210°C at a rate of 8°C/min and
finally to 280°C at a rate of 4°C/min and
held the column at 280°C for 2 min. The
carrier gas was helium at a flow rate of 2
mL/min. At a ﬂow rate of 36 mL/min, argon
containing 5% methane (vol/vol) served as
makeup gas for the detector, and we cali-
brated the equipment by analyzing standard
solutions. We identiﬁed the PCBs by means
of the retention times and performed quan-
tiﬁcation using Mirex (Promochem, Wesel,
Germany) as internal standard and included
a blind and a control sample in each series of
measurements for quality control. The
detection limits for the six PCB congeners
were in the range of 0.03–0.07 µg/L or
0.08–0.21 nmol/L.
We assessed exposure to dioxinlike com-
pounds via the in vitro activation of the aryl
hydrocarbon receptor (AhR) of cultured
H4IIE rat hepatoma cells by the dioxinlike
compounds present in 2 mL of serum
[chemically activated luciferase gene expres-
sion bioassay (CALUX assay); BioDetection
Systems BV, Amsterdam, The Netherlands].
We performed the extraction and cleanup
procedures as described in detail elsewhere
(16–18). Briefly, the method involved n-
hexane extraction of the sample and removal
of acid-labile matrix components, fat, and
nonstable PCAHs by passage through a silica
column containing concentrated H2SO4
(33%, w/v). We then quantitatively trans-
ferred the extract to a conical vial for evapo-
ration till almost dry, followed by adding 7.5
µL dimethyl sulfoxide (Acros Organics,
Geel, Belgium) and dilution to a total vol-
ume of 750 µL with minimal essential
medium (Gibco, Merelbeke, Belgium). The
CALUX assay uses rat hepatoma H4IIE cell
line that is transfected with an AhR-con-
trolled luciferase reporter gene construct. We
grew cells in 96-well plates in minimal essen-
tial medium with 10% fetal calf serum
(Gibco) at 37°C and 5% CO2. When the
cell layer reached 70–80% confluency, we
dosed the cells with 100 µL of the sample
extract in triplicate together with 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) stan-
dards and then incubated them at 37°C for
24 hr. We then removed the medium and
washed the cells with phosphate-buffered
saline without Ca2+/Mg2+ (Gibco) and
added 30 µL of a cell-lysis reagent (Promega,
Leiden, The Netherlands). We shook the
well plates for 45 min and stored them at
–80°C for at least 1 hr. We determined the
luciferase activity after we thawed the cells in
the well plates on ice and added 100 µL
luciferin assay mix (Promega) at room tem-
perature. We measured the light production
by a Victor 2 Luminometer (EG&G Wallac,
Oosterhout, The Netherlands). On each 96-
well plate, we added standards of TCDD
from 0.3 to 100 pmol/L to construct a
TCDD-based calibration curve, which we
then used to quantify the TCDD TEQ con-
tent of the individual serum samples mea-
sured. We express results in nanograms of
TCDD TEQs per liter of serum. We ran all
200 serum sample extracts in one experi-
ment to avoid interexperiment variation in
cell culture. We calculated the limit of detec-
tion as the light signal measured from the
dimethyl sulfoxide control plus three times
its standard deviation on each well plate
(0.10 ± 0.04 TEQ ng/L serum). We also
included on each well plate a known fetal calf
serum sample for internal quality control.
We determined total serum cholesterol
and triglycerides by enzymatic methods using
commercially available assay kits (Olympus
System Reagents, San Jose, CA, USA). We
calculated total serum lipids from total serum
cholesterol and triglycerides by using the for-
mula:total serum lipids = [(2.27 × total cho-
lesterol) + triglycerides + 0.623] (19).
Statistical methods. We performed data-
base management and statistical analysis
with SAS software, version 6.12 (SAS
Institute, Cary, NC, USA). We log-trans-
formed log-normal distributed variables and
describe them by their geometric means and
95% confidence intervals (CIs), or by the
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25th to 75th percentiles). We used the
Student’s t-test to compare unpaired data,
chi-square test to compare proportions, and
Wilcoxon’s rank test to compare non-nor-
mally distributed data. We identiﬁed deter-
minants of the serum concentration of
PCAHs by single regression and subse-
quently by stepwise regression procedures in
which we set the p-value at 0.10 for the
independent variables to enter and to stay in
the model. In single and multiple stepwise
regression analyses, we tested all variables
listed in Table 1 as explanatory variables.
Results
General characteristics. Compared with the
200 participants, the 155 nonparticipants
(148 nonrespondents and 7 adolescents
excluded from participation) had similar
mean age (17.3 vs. 17.4 years; p = 0.67), sex
distribution (67.9 vs. 60.0% girls; p = 0.13),
and parental social class (low, medium, and
high, 28.8, 63.0, and 8.2 vs. 23.5, 64.5, and
12.0%; p = 0.30). In the suburbs, nonpartic-
ipants and participants resided at similar dis-
tances from the smelter (1,896 vs. 1,993 m;
p = 0.61) and the largest waste incinerator
(1,297 vs. 1,376 m; p = 0.71). This indicates
that our results are not likely to be con-
founded by a selection bias.
The 200 adolescents included 120 girls
(60.0%). Mean age was 17.4 years (SD, 0.8
years) for the total group and was not differ-
ent between girls and boys (17.3 vs. 17.4
years). Table 1 lists all variables studied.
Triceps skinfold thickness and the waist-to-
hip ratio were higher in girls than in boys,
whereas BMI did not differ. Because of dif-
ferences in body composition between males
and females, the relationship between BMI
and body fat content is sex dependent: Mean
calculated body fat content was 24.1% (SD,
3.5%) in girls and 13.1% (SD, 3.5%) in
boys. Serum total cholesterol was higher in
girls. Serum cholesterol and serum triglyc-
erides did not correlate with the time inter-
val between the last meal and blood
sampling. Serum total cholesterol was posi-
tively correlated with serum triglycerides (r =
0.44; p < 0.0001) and with the calculated
body fat content (r = 0.35; p < 0.0001), but
not with fat intake. Furthermore, the corre-
lations between triglycerides, body fat
content, and fat intake were weak and not
significant. In view of these weak correla-
tions, the statistical parameters estimated by
multiple regression will not be inﬂuenced by
collinearity between serum total cholesterol,
serum triglycerides, calculated body fat con-
tent, and dietary fat intake.
Girls and boys did not differ in pre- and
postnatal variables, parental social class,
dietary habits, and distribution over geo-
graphical location. Although the prevalence
of tobacco use by girls and boys was the
same, the number of cigarettes smoked per
day was higher in boys: Median daily use
was 11 cigarettes (IQR, 6–16) in 19 male
smokers and only 6 cigarettes (IQR, 4–9) in
31 female smokers (p = 0.04). Median num-
ber of food servings per month were, for
meat, 30 (IQR, 20–30); for fish, 3 (IQR,
1–8); and for milk, 30 (IQR, 8–30).
Compared with adolescents in the two sub-
urbs, more adolescents in the rural area con-
sumed locally produced meat (33.0% vs.
5.0%; p = 0.001), dairy products (47.0% vs.
20%; p = 0.001) and vegetables (39.8% vs.
24.8%; p = 0.02). However, in Wilrijk com-
pared with Hoboken, more participants
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Table 1. Characteristics of the study population.
Girls (n = 120) Boys (n = 80) p-Value Total (n = 200)
Host factors
Anthropometric measurements
Mean (SD) weight (kg) 58.0 (9.3) 67.7 (11.9) < 0.001a 61.9 (11.4)
Mean (SD) BMI (kg/m2) 21.2 (2.9) 21.1 (2.9) 0.65a 21.2 (2.9)
Mean (SD) triceps skinfold (cm) 1.7 (0.6) 1.0 (0.5) < 0.001a 1.4 (0.7)
Mean (SD) waist-to-hip ratio 0.8 (0.1) 0.7 (0.0) < 0.001a 0.7 (0.1)
Lipids
Mean (SD) total serum cholesterol (mmol/L) 4.5 (0.7) 4.1 (0.8) < 0.001a 4.3 (0.8)
Mean (SD) serum triglycerides (mmol/L) 1.1 (0.5) 1.1 (0.5) 0.85a 1.1 (0.4)
Environmental factors
Pre- and postnatal variablesb
Mean (SD) maternal age at birth (years) 27.0 (3.8) 27.9 (4.0) 0.12a 27.3 (3.9)
Mean (SD) duration of gestation (weeks) 39.3 (1.6) 39.5 (1.2) 0.37a 39.4 (1.4)
Order of birth
Number (%) ﬁrst child 50 (41.7) 34 (42.5) — 84 (42.0)
Number (%) second child 48 (40.0) 32 (40.0) — 80 (40.0)
Number (%) subsequent children 22 (18.3) 14 (17.5) 0.98c 36 (18.0)
Mean (SD) birth weight (kg) 3.3 (0.5) 3.4 (0.5) 0.06a 3.3 (0.5)
Number (%) breast-fed subjects 66 (55) 46 (58) 0.48c 112 (56)
Median (IQR) weeks of breast-feeding 8 (5–13) 12 (6–15) 0.99d 9 (6–13)
Lifestyle
Social class of parents
Number (%) workers 34 (28) 13 (16) — 47 (24)
Number (%) middle class 75 (63) 54 (68) — 129 (64)
Number (%) learned professionals 11 (9) 13 (16) 0.08c 24 (12)
Number (%) current smokers 31 (26) 19 (24) 0.74c 50 (25)
Number (%) subjects consuming alcohol 35 (29) 52 (65) 0.001c 87 (44)
Number (%) girls on oral contraceptives 49 (41) — — —
Dietary habits
Median (IQR) meat (servings/month) 30 (20–30) 30 (20–30) 0.19d 30 (20–30)
Median (IQR) ﬁsh (servings/month) 3 (1–8) 3 (3–8) 0.44d 3 (1–8)
Median (IQR) milk (servings/month) 30 (8–30) 30 (8–60) 0.56d 30 (8–30)
Mean (SD) animal fat intake (g/day) 63.6 (26.3) 67.9 (22.6) 0.22a 65.3 (2.5)
Geographic location
Number (%) residents of Peer (rural control area) 60 (50) 40 (50) — 100 (50)
Number (%) residents of Wilrijk (waste incinerator) 21 (18) 21 (25) — 42 (21)
Number (%) residents of Hoboken (nonferrous smelter) 39 (32) 19 (25) 0.22c 58 (29)
aData that are normally distributed are presented as arithmetic means (SD) and were compared by Student's t-test. bBecause of missing information, statistical analyses were performed
in 119 girls and 77 boys. cNumbers (%) are compared by a χ2 test. dData that are not normally distributed are presented as medians (IQR) and were compared by Wilcoxon’s rank test. consumed locally produced diary products
(30.1% vs. 12.1%; p = 0.02), meat (11.9%
vs. 0.0%; p = 0.07), and vegetables (38% vs.
12%; p = 0.002).
Determinants of serum PCBs. The
serum concentration of the lower chlori-
nated PCB congeners 28, 52, and 101 were
all below their respective limits of detection
(0.16, 0.21, and 0.18 nmol/L). The marker
PCB congener proﬁle (PCBs 138, 153, and
180) did not differ across the three areas.
PCB congener 153 represented the major
fraction (46%) of the combined marker
PCBs (congeners 138, 153, and 180),
whereas congeners 138 and 180 each
accounted for 27% of the total. The correla-
tions between the serum concentrations of
PCB congeners 138, 153, and 180 ranged
from 0.80 to 0.93 (all p < 0.001).
The geometric mean of the summed
PCBs (138, 153, and 180) was higher in boys
than in girls (1.67 nmol/L vs. 1.02 nmol/L; p
< 0.001), and the corresponding PCB values
standardized per gram of total serum lipids
were 377 vs. 210 pmol (p < 0.001; Figure 1).
The concentrations of the serum PCBs did
not differ between smokers and nonsmokers
(1.22 nmol/L vs. 1.28 nmol/L; p = 0.56).
Single regression analysis (Table 2) showed
that in boys as well as girls the combined
serum concentrations of congeners 138, 153,
and 180 (expressed per liter of serum) were
negatively correlated with anthropometric
variables. In girls, serum PCB concentration
correlated positively with milk consumption,
intake of fat, the duration of breast-feeding,
and the concentrations of serum triglycerides
and cholesterol, whereas in boys it correlated
positively with fat intake and serum triglyc-
erides, and marginally (p = 0.06) with the
duration of breast-feeding. In both girls and
boys, serum PCB concentrations were nega-
tively associated with body fat content and
positively with residence in Wilrijk (Table 2).
The sex-related differences in the serum
PCB concentration disappeared after allow-
ing for calculated body fat content (1.28 in
boys vs. 1.21 nmol/L in girls; p = 0.61). In
further analysis, we applied stepwise multi-
ple regression analysis in boys and girls
combined, allowing for body fat content.
The serum concentration of PCBs was inde-
pendently and inversely associated with the
body fat content but rose with the serum
concentrations of total cholesterol and
serum triglycerides, weeks of breast-feeding,
animal fat intake, and residence in Wilrijk
(Table 3). However, in subjects living in
Wilrijk, we found no associations between
serum PCB concentration and the con-
sumption of local produce. All variables
together explained 54.7% of the variation,
with 43.9% from host factors and 10.8%
from environmental factors.
Determinants of serum CALUX TEQ.
The geometric mean of the serum TEQ val-
ues did not differ according to smoking sta-
tus (0.15 TEQ ng/L in smokers vs. 0.16
ng/L in nonsmokers; p = 0.55) or sex (Figure
1) (0.16 TEQ ng/L in boys vs. 0.14 TEQ
ng/L in girls; p = 0.41). The TEQ values in
boys and girls standardized to 1 g of total
serum lipids were 36.4 and 30.8 pg TEQ (p
= 0.10), respectively.
In both single and multiple regressions,
the serum TEQ values (expressed per liter of
serum) decreased by 19% per centimeter
increase in triceps skinfold thickness and
were about 29% higher in subjects living in
Hoboken compared with the residents of the
two other areas (Table 4). Adjusted for tri-
ceps skinfold thickness, subjects living in
Hoboken (n = 58) who consumed vegetables
from their own garden (n = 7) had a higher
serum TEQ value (0.34 vs. 0.19 TEQ ng/L;
p = 0.08). In contrast to PCBs, serum TEQ
values were not signiﬁcantly associated with
serum total cholesterol and triglycerides.
Triceps skinfold thickness and residential
area explained together 9% of the serum
TEQ variance.
The following variables did not enter any
of the regression models both for serum
PCBs and for TEQ: time between the last
meal and blood sampling, birth weight,
maternal age at birth, birth order, weeks of
gestation, smoking, alcohol intake, the fre-
quencies of intake of meat and fish, and
socioeconomic status of the parents. In an
additional analysis, the associations were
maintained (serum lipids not offered in the
set of independent variables) when we
expressed serum PCBs and TEQ per gram of
fat instead of per liter of serum.
Discussion
In our study we identified determinants of
serum concentrations of PCBs and TEQ in
older teenagers. The PCB congeners 138,
153, and 180 usually account for 40–60% of
the total PCB body burden (19). In our
study, the lower chlorinated PCBs (con-
geners 28, 52, and 101) were below the limit
of detection. As result of the lower degree of
chlorination, the lower chlorinated con-
geners are in general hydroxylated in reac-
tions catalyzed by cytochrome P450,
whereas the higher chlorinated PCBs are
resistant to biotransformation (20). The
concentration of lower chlorinated PCBs in
serum reflects recent exposure rather than
body burden (1). Detection of these lower
chlorinated compounds would have required
much more serum volume. We expressed
dioxinlike compounds in TEQs that repre-
sent the potency to activate the AhR. Some
of the PCB congeners also act through bind-
ing to the AhR (16). Previous studies, in
Children’s Health • Nawrot et al.
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Figure 1. Box plots of serum PCBs (nmol/L and pmol/g serum fat) and serum dioxinlike compounds (TEQ
ng/L and pg TEQ/g fat) in boys (n = 79) and girls (n = 120). Shown are the median (center line in each box),
IQR (distance from top to bottom borders of each box), and the 5th and 95th percentiles (the bars at each
end of the boxes).
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p  =  0.41 p  = 0.15which dioxin congeners were determined
separately by using gas chromatography with
high-resolution mass spectrometry, and in
which the TEQ value was calculated by mul-
tiplying concentrations of individual dioxin
congeners by their respective toxic equiva-
lent factors (TEFs), should be interpreted
cautiously, because TEFs for individual con-
geners are theoretical values based on various
toxicologic end points obtained in different
studies (16). Moreover, TEQs are usually
assumed to be additive and not synergistic or
antagonistic (17). The CALUX assay used in
the present study is mechanistically based
and thus measures all compounds in the
serum that act via binding to the AhR.
In 1995, the median serum PCB levels
in the general population of the United
States ranged between 2 and 7 µg/L (~6–21
nmol/L) (21). In 286 German children 9–12
years of age, the mean serum concentration
of the combined PCB congeners 138, 153,
and 180 amounted to 181 ng/g lipids, which
was higher than the mean vlaue in our total
adolescent group (277 pmol/g ∼ 1-3 ng/g
lipids) (22). At the time of the present ado-
lescent study, the same project consortium
also collected blood samples in 200 healthy
women (50–65 years old) from the same
dwelling areas as the adolescents and used
the same analytical methods for the quantiﬁ-
cation of CALUX TEQ and PCBs in 47
randomly constituted serum pools (25 for
the Antwerp suburbs and 22 for the rural
area) (23). The overall mean serum concen-
trations amounted to 36.0 pg TEQ/g fat for
CALUX TEQ and to 365.4 ng/g fat (~983.3
pmol/g) for indicator PCBs (congeners 138,
153, and 180). Compared with the women’s
study, our adolescents showed rather similar
mean serum TEQ values (30.8 and 36.4 pg
TEQ/g fat in girls and boys, respectively),
whereas the mean serum concentrations of
indicator PCBs were much lower (210 and
377 pmol/g fat, respectively). The lower
serum PCB concentration may be explained
by the facts that in the Western world, expo-
sure to PCBs has fallen since the 1970s (24)
and, in modern communities, where life
expectancy exceeds 70 years, serum PCBs in
16- to 18-year-old youths may reflect rela-
tively recent exposure. The lower serum
PCB concentration may thus represent a
birth cohort effect. Hence, taking adoles-
cents as study populations has advantages for
studying secular trends in the serum concen-
tration of PCAHs and for monitoring the
effectiveness of environmental hygiene
strategies aiming at the reduction of expo-
sure to these compounds.
Host factors. In the present study, the
host factors independently determining the
serum concentrations of PCAHs are serum
total cholesterol, serum triglycerides, and
body fat content. These host factors
explained 44% of the variance in serum
PCBs and 4% of the variance in serum
TEQ. Throughout life, PCAHs accumulate
in adipose tissue, which represents the major
storage site for these lipophilic compounds
(25). The serum PCB concentrations found
in this study were higher in boys than in
girls. However, after adjustment for body fat
content, the sex difference disappeared. In
both single and multiple regressions, the
serum levels of PCBs were negatively associ-
ated with body fat content and those of
TEQ were negatively associated with skin-
fold thickness. A similar pattern was seen in
younger children (26), but the opposite phe-
nomenon was found in adults (25,27).
Although the absolute body burden of
PCAHs might be higher in obese than in
lean adolescents, the ﬁnding of negative rela-
tionships between serum PCAHs and such
anthropometric variables as body fat content
and skinfold thickness might be linked to
the growth spurt during early adolescence
(28,29). In view of the assumption of a
steady state between PCAH concentration in
fat tissue and plasma, this would suggest the
existence of a transient dilution effect for
PCAHs in adipose tissue during growth.
Because of the ubiquity of PCAHs in the
environment and their high affinity for fat
tissue, these compounds will continue to
accumulate in adulthood (21), whereas body
fat mass does not change much before age
60. For example, the 50th fat mass per-
centile of healthy subjects in 15–24 to
45–54 year age groups increases from 16%
to 20.3% in males and from 26.3% to
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Table 2. Correlates of serum PCBsa in single regression analysis by sex. 
Girls (n = 120) Boys (n = 79)b
Single regression model Estimatec R 2 p-Value Estimatec R 2 p-Value
Host factors
Body weight (> 1 kg) –1.2 (–2.1––0.3) 0.066 0.007 –1.2 (–1.9––0.4) 0.106 0.003
BMI (> 1 kg/m2) –4.7 (–7.3––2.1) 0.091 0.001 –4.8 (–7.7––1.8) 0.114 0.002
Triceps skinfold (> 1 cm) –22.4 (–31.9––11.6) 0.110 < 0.001 –27.7 (–38.7––14.8) 0.162 < 0.001
Waist-to-hip ratio (> 0.1) –0.8 (–1.0––0.1) 0.050 0.047 –0.7 (–1.0–1.8) 0.01 0.31
Body fat content (> 1%)d –3.8 (–6.0––1.6) 0.085 0.001 –3.8 (–6.3––1.4) 0.108 0.003
Total serum cholesterol (> 1 mmol/L) 23.2 (10.2–37.6) 0.103 < 0.001 6.6 (–5.3–20.0) 0.015 0.29
Serum triglycerides (> 1 mmol/L) 42.8 (19.9–70.2) 0.119 < 0.001 25.0 (5.1–48.6) 0.076 0.014
Environmental factors
Duration of breast-feeding (> 1 week)e 1.4 (0.5–2.3) 0.080 0.002 0.8 (0.0–1.6) 0.046 0.06
Milk consumption (> 1 serving/month) 0.5 (0.1–0.9) 0.043 0.023 0.3 (–0.2–0.7) 0.016 0.27
Fat intake (> 1 g/day) 0.5 (0.2–0.9) 0.091 < 0.001 0.5 (0.1–0.9) 0.064 0.024
Residence in Wilrijkf 14.9 (–0.8–33.2) 0.028 0.06 15.6 (0.5–33.0) 0.054 0.046
All characteristics listed in Table 1 and the calculated body fat content were tested as explanatory variables, but results are given only for those variables that were signiﬁcantly corre-
lated with the serum PCB concentration in at least one sex. 
aSum of congeners 138, 153, and 180 (volumetric units, log value). bPCB measurement missing in one boy. cPercentage change (95% CI) in serum PCB concentration associated with a 1-
unit change in the independent variables. dCalculated according to the formula of Deurenberg et al. (14). eBecause of missing information, statistical analyses were performed in 119
girls and 77 boys. fCompared with Peer and Hoboken.
Table 3. Correlates of serum PCBsa in multiple regression analysis (boys and girls combined, n = 196).
Independent variables Estimateb Partial R 2 p-Value
Host factors
Body fat contentc (> 1%) –4.5 (–5.3––3.7) 0.300 < 0.001
Total cholesterol (> 1 mmol/L) 11.3 (3.0–20.2) 0.023 0.002
Triglycerides (> 1 mmol/L) 30.9 (16.3–47.4) 0.116 < 0.001
Environmental factors
Duration of breast-feeding (> 1 week) 1.1 (0.5–1.6) 0.044 < 0.001
Fat intake (> 1 g/day) 0.5 (0.3–0.7) 0.054 < 0.001
Residence in Wilrijkd 9.2 (3.0–18.8) 0.010 0.043
Signiﬁcance and independent correlates of serum PCBs were identiﬁed by stepwise regression analysis. Each correlate
in the table was therefore adjusted for the others. Variables considered for entry into the model were those reported in
Table 1 and the calculated body fat content.
aSum of congeners 138, 153, and 180 (volumetric units, log value). bPercentage change (95% CI) in serum PCB concentra-
tion associated with a 1-unit change in the independent variable. cCalculated according to the formula of Deurenberg et
al. (14). dCompared with Peer and Hoboken.27.9% in females (30). In adulthood, the
cumulative effect of PCAHs could outweigh
the dilution effect of fat mass, whereas in
childhood fat mass could cause a dilution
effect. The latter may explain why the unad-
justed serum PCB levels were much lower in
girls than in boys (Figure 1), because the
body fat content of girls was about double
that of boys. In the course of life, the nega-
tive relation between serum PCAHs and
body fat content in youths could switch to a
positive one in adults. The intake of fat may
increase both the serum PCB concentration
(1) and the body fat content (28) and may
outweigh the dilution effect of body fat con-
tent as observed in adolescents.
Besides accumulation in the adipose tis-
sue, PCAHs preferentially bind to lipid com-
ponents in the plasma, and the lipid fraction
has been shown to be a predominant PCB
carrier in plasma (19). In the present study,
the serum concentration of PCBs correlated
positively with the levels of triglycerides or
total cholesterol in serum. The conclusions
drawn from the multiple regression analysis,
however, were not affected by the mode of
expression of the serum PCAH concentra-
tions: neither per gram of total serum lipids
nor per liter of serum after allowing for
serum lipids in multiple regression. In addi-
tion, the time interval between breakfast and
the collection of the blood sample in the
morning did not predict the serum concen-
trations of lipids, PCBs, or dioxinlike com-
pounds. A typical breakfast in Belgium is
light and usually consists of a few slices of
bread and/or some cereals.
The findings above point out that host
factors may bias between-group comparisons
and that they should be taken into account
when describing relations between internal
PCAH exposure and health effects. Therefore,
in epidemiologic studies, ensuring that host
factors are as similar as possible for the
exposed and reference groups is of great
importance, but they should be preferentially
allowed for in multivariate analysis.
Environmental factors. Because PCAHs
are persistent in the environment, people
may be exposed to them through their diet.
The assumption is often made that diet rep-
resents the main route of exposure to PCBs
and dioxins. Dairy products are major
sources of PCBs and dioxinlike compounds
(31). In accordance with studies in The
Netherlands (31), we found in single-regres-
sion analysis signiﬁcant and positive correla-
tions between the serum concentration of
PCBs and the intake of milk products or
total fat. In our regression models, we did
not find frequencies of fish and meat con-
sumption to be predictors of the serum PCB
or TEQ concentrations, most likely because
of the limited sample size and possibly also
because we could not specify the kind of
meat or the species of ﬁsh (32). Other possi-
ble reasons for the lack of association with
the consumption of meat and fish are that
we obtained the information on dietary fac-
tors only for the year preceding the study
and that the food pattern of youngsters is
known to be more variable over time than
that of adults.
Throughout life, PCAHs accumulate in
the mother’s body. During pregnancy these
chemicals transfer from the mother to her
fetus through the placenta (33), and in new-
borns and infants their body burden of
PCAHs increases with maternal age, the
duration of gestation, and breast-feeding
(8,33). The higher chlorinated PCBs and
dioxins have half-lives of 14 years (31) and 7
years (34), respectively. The level of PCAHs
in human milk increases with maternal age
but declines with the number of births (8).
In the present study, we found that breast-
feeding, after more than 15 years, was still a
signiﬁcant determinant of the serum concen-
tration of higher PCB congeners. Although
breast-feeding is likely to contribute to the
child’s body burden of PCBs, this should
not discourage mothers from breast-feeding
their babies because of its overall beneficial
effects on general development of the infant
(7,35) and its trophic properties for counter-
acting hypocalcemia (35), allergic diseases
(36), infections (36), and vitamin deficien-
cies (35,36).
Comparison between locations after
adjustment for the significant covariables
showed that the serum PCB concentration
was 9.2% higher in adolescents living in
Wilrijk (waste incinerators) whereas the
serum TEQ value was 29% higher in adoles-
cents living in Hoboken (nonferrous smelter).
The different geographical pattern might be
linked to differences in sources of PCAHs
between the two suburbs. The metallurgic
industry in Hoboken claims to be a world
leader in recycling of precious metal-bearing
materials (250,000 tons/year), among them
autocatalysts, electrical/electronic scrap, and
photographic products (37). Such industries
may release to the atmosphere dioxins that
are formed during the smelting and reﬁning
processes that recover precious and other
valuable metals from the waste, which usu-
ally contains chlorine-based plastics (12,38).
The higher serum TEQ values in Hoboken
are in line with the increased environmental
dioxin pollution in the nonferrous smelter
area at the time of the study (> 27 pg
TEQ/m2 deposition per day compared with
a background value of ≤ 6.8 pg TEQ/m2)
(12). In addition, we found also a link
between serum TEQ values and the con-
sumption of locally grown vegetables. Less
straightforward is the situation in Wilrijk,
where we found only higher serum PCB
concentrations in the adolescents despite his-
torical records of increased environmental
dioxin pollution (11). At municipal waste
incinerator sites, increased emission of PCBs
may originate from wood preservatives, con-
taminated oil, and older electrical equipment
present in the waste to be handled (6,39)
and/or may be formed during the combus-
tion process (5). The release of PCAHs in
the atmosphere due to waste incinerator
activity can contaminate the food chain with
PCBs and dioxinlike compounds (40,41).
To our surprise, we could not demonstrate
any link between the consumption of locally
produced foodstuffs and the serum PCB or
TEQ concentrations in the adolescents of
Wilrijk. Such associations might have been
blurred by the facts that the incinerators had
been shut down for almost 2 years at the
time of our study in 1999, and that the half-
life of dioxins in serum is on average half
that of PCBs. The combination of these two
factors might have resulted in an accelerated
washout of dioxins, because the source of its
production and emission was no longer in
operation. However, as in our study, higher
serum PCB concentrations have been found
in 10-year-old children who lived in the
neighborhood of a waste incinerator in
Germany (42). In general, the atmospheric
levels of PCBs appear to be higher in urban
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Table 4. Correlates of the serum TEQ level in single and multiple regression analysis (girls and boys com-
bined, n = 200).
Independent variables Estimatea Partial R 2 p-Value
Single regression model
Host factors
Triceps skinfold (> 1 cm) –18.5 (–29.9––5.4) 0.040 0.008
Environmental factor
Residence in Hobokenb 28.5 (10.6–49.1) 0.052 < 0.001
Multiple regression model
Host factors
Triceps skinfold (> 1 cm) –18.8 (–29.7––6.3) 0.040 0.006
Environmental factor
Residence in Hobokenb 28.5 (10.7–49.1) 0.051 0.001
All characteristics listed in Table 1 and the calculated body fat content were tested as explanatory variables, but results
were given only for those variables that were signiﬁcantly correlated with serum TEQ.
aPercentage change (95% CI) in serum TEQ (volumetric units, log value), associated with a 1-unit change in the indepen-
dent variable. bCompared with Peer and Wilrijk.than in rural areas (39). For example, in
1996 the atmospheric concentrations of
PCBs measured at urban and rural locations
in Baltimore were 0.38–3.36 and 0.02–0.34
ng/m3, respectively (43). It is thus not sur-
prising that PCB uptake from inhalation of
contaminated ambient air may lead to serum
PCB concentrations that exceed the mean
background in serum (44). Unfortunately,
the lack of historical PCB measurements in
the environment of the Wilrijk area prevents
us from making causal inferences as to the
environmental compartment(s) that would
significantly influence the serum PCB con-
centrations in the Wilrijk adolescents.
Conclusions
This study surprisingly showed that the dura-
tion of breast-feeding is still a signiﬁcant pre-
dictor of the serum concentration of PCBs at
16–18 years of age. In addition, in 16–18-
year-old adolescents the serum concentration
of PCBs increased with higher concentrations
of serum lipids, whereas it declined with the
body fat content. The latter probably
explains the higher concentration of serum
PCBs in boys. We found host factors to be
the most substantial determinants of serum
PCBs. They should be taken into account in
studies dealing with the contributions of
environmental exposure to the body burden
of PCBs and adverse health effects of these
compounds. We found the measurement of
marker PCBs and TEQ values in the serum
of the adolescents sensitive enough to pick up
geographical differences in environmental
exposure to these chemicals.
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